Background: Noninvasive techniques to evaluate arterial stiffness include noninvasive radial artery pulse contour analysis. Diastolic pulse contour analysis provides a separate assessment of large (C1) and small artery (C2) elasticity. Analysis of the systolic pulse contour identifies two pressure peaks (P1 and P2) that relate to incident and reflected waves. This study aimed to compare indices from systolic and diastolic pulse contour analysis from the radial pressure waveform and to correlate these indices with traditional risk factors in asymptomatic individuals screened for cardiovascular disease. Methods: In 298 consecutive subjects (206 male and 92 female healthy subjects with a mean age of 50 Ϯ 12 years), noninvasive radial artery pressure waveforms were acquired with a piezoelectric transducer and analyzed for 1) diastolic indices of C1 and C2 from the CR-2000 CVProfiler, and 2) systolic indices of augmentation as defined by augmentation pressure (AP), augmentation index (AIx), and systolic reflective index (SRI ϭ P2/P1). These indices were then correlated to each other as well as to individual traditional risk factors and the Framingham Risk Score.
B
lood pressure (BP) is one of the major determinants of cardiovascular risk. 1, 2 In clinical practice, two specific and arbitrary points of the BP curve, peak systolic BP and end-diastolic BP are used to define the cardiovascular risk factor. 3 Traditionally the BP curve has been considered to contain a steady component, mean BP, and a pulsatile component, the pulse pressure. Hemodynamic research has shifted away from a steady flow approach toward a pulsatile flow approach, because the former is less predictive in relation to cardiovascular morbidity and mortality. 4, 5 The growing importance of pulsatile pressure indices paralleled the notion that not only increases in systemic vascular resistance but also increases in arterial stiffness are important in the pathophysiology of hypertension. 6 Information about the interaction between the left ventricle and the physical properties of the arterial circulation can be derived by the descriptive and quantitative analysis of the arterial pressure pulse waveform. 7, 8 Besides the stiffening of elastic-type large arteries, the pulse wave form changes with age. The primary pressure wave, generated by contraction of the left ventricle, propagates toward the periphery where, probably at the level of the smallest arteries, it is reflected and runs back. The reflected waves interfere with the primary ones, and the definite pulse waveform is therefore composed of primary and secondary waves. The high-order waves seem to play a minor role. 9, 10 Consistent characteristic changes in the pressure pulse wave shape have been described not only with aging but also with disease states predisposing to an increase in vascular events. 11, 12 This interest in the arterial cushioning function of pulsatile flow has given us a myriad of indices generated by various noninvasive measurement techniques, which only indirectly measure the desired arterial stiffness characteristics. 13 Given their complexity to describe the structure and function of these indirect approaches, simplified mathematical models have been developed. 14, 15 However, it is important to recognize that different parts of the arterial system have different functions. The proximal large arteries buffer the pulsations; the more distal or muscular arteries alter propagation velocities and vascular impedance, and serve as major reflection sites. 16, 17 Each of these alterations or their combination enables a crosstalk between the proximal and distal compartments of the arterial tree.
There has been increasing interest in the descriptive and quantitative analysis of the arterial pulse contour to provide information about changes in the pulsatile characteristics of the large and the small blood vessels.
14 One approach that has been used, is based on diastolic pulse contour analysis and regards the waveform as a basic pattern of exponential decay on which damped oscillations are superimposed, building on the "Grundform" "Grundschwingung" concept pioneered by Otto Frank. 18 The Windkessel model of the vasculature typify this last approach and is implemented by the CR-2000 CVProfiler (HDI Inc., Eagan, MN) to quantify the large (C1) and the small artery elasticity index (C2).
Several investigators have recently underscored the need for measuring the degree to which central arterial pressure is enhanced by reflection of the pulse wave. 19 With the recognition that important information relating to arterial wave reflections can be derived from the contour of more central (aortic) pulse waves, 20 there has been renewed interest in the estimation of the aortic pulse waveform as measured from more accessible peripheral arteries. 21 Noninvasive measurement of peripheral pressure waveforms have yielded independent risk markers for coronary artery disease. 22 Arterial wave reflection analyzed directly from the radial pulse may provide similar information to a generalized transform function-derived central pressure waveform. 23, 24 Radial systolic pulse contour analysis can identify two pressure peaks, P1 and P2, that relate to incident and reflected waves, respectively.
The goal of this study was to evaluate, in asymptomatic individuals screened for cardiovascular disease, the relationship between diastolic and systolic indices of cardiovascular risk as determined from radial artery pressure waveform analysis and the correlation of these indices to traditional risk factors as well as the composite Framingham Risk Score.
Methods

Subjects
We evaluated 298 subjects (206 male and 92 female subjects with a mean age of 50 Ϯ 12 years and a mean height of 1.74 Ϯ 0.09 m and weight 80.9 Ϯ 16.1 kg), who attended the Rasmussen Center for Cardiovascular Disease Prevention (Minneapolis, MN). The local Institutional Review Board approved prospective data collection and all subjects offered written informed consent. During their visit to the center, all subjects underwent a physical examination.
Diastolic Pulse Waveform Indices
Radial arterial pulse waves were recorded noninvasively by an acoustic transducer using the CR-2000 device (HDI Inc.) in the supine position. This was placed and stabilized using methods we have previously described. 17 The recorded waveforms were calibrated by the oscillometric methods with a BP cuff on the opposite arm and a calibration system internal to the device. Once optimal waveforms and a stable baseline were achieved, no further manipulation of the device was required in any of the studies. Noninvasive radial artery waveforms were recorded for 30 sec for each subject in the supine position. Blood pressure waveforms were digitized at 200 samples/ sec and stored in a personal computer. The data was automatically displayed on the computer screen for visual analysis to confirm that the recorded waveforms were uniform and without artifact. Individual beats, demarcated with the upstroke beat mark as a fiduciary time point, were cross-correlated. Those with a correlation coefficient of less than 0.95 were discarded. The waveforms were applied to a modified Windkessel model for calculation of large (C1) and small artery elasticity (C2) indices as previously described.
14
Systolic Pulse Waveform Indices
From the same radial pulse waveform from which the diastolic portion was analyzed, the systolic reflective index (SRI) at the radial artery was calculated manually as the ratio of the second peak (P2) divided by the first peak (P1) and expressed as a percentage as depicted in Fig. 1 . Augmentation pressure (AP) was calculated as the absolute pressure difference between the reflected wave (P2) and the incident wave (P1). Augmentation index for the radial artery waveform (AIx) was calculated as the ratio of (P2 Ϫ Diastolic BP)/(P1 Ϫ Diastolic BP) and expressed as a percentage. 23 
Risk Factor Assessment
Risk factors for coronary heart disease (age, gender, family history of coronary heart disease, BP, total cholesterol, HDL and LDL cholesterol and triglycerides, body mass index [BMI]) were obtained by previously described methods. 25 The Framingham Risk Score was computed using a multivariable statistical model that uses age, gender, smoking history, BP, cholesterol, HDL cholesterol, and blood glucose levels or history of diabetes to estimate coronary risk among individuals without previously diagnosed coronary heart disease. 25 Fasting blood samples were taken for the analysis of total cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides, as well glycemia. There was no subject with diabetes.
Statistical Analysis
The results are expressed as mean Ϯ standard deviation. Pearson correlation coefficients were calculated to compare the relationship between C1, C2, AP, AIx, SRI, and between traditional risk factors. Spearman's correlation was used to compare pulse waveform indices and the Framingham Risk Score. ANOVA was used to compare variables between genders. Statistical significance was considered if P Ͻ .05.
Results
Study group and gender-specific demographics, risk factors, and indices for diastolic and systolic pulse wave analysis are presented in Table 1 . All pulse waveform indices were significantly different between genders, with women having lower diastolic (C1, C2) and higher systolic (AP, AIx, SRI) indices. Blood pressures were significantly higher in men with the exception of pulse pressure. Total cholesterol and LDL cholesterol were not significantly different between genders; HDL cholesterol was significantly lower, and triglycerides were higher when comparing men with women. The Framingham Risk Score was significantly higher in men than women, respectively, 4.8 and 2.0 and resulted in an estimated 10-year risk of developing coronary heart disease of 8% and 4%.
Overall, C1 was significantly and inversely correlated to AP (r ϭ Ϫ0.22), AIx (r ϭ Ϫ0.41), and SRI (r ϭ Ϫ0.30), (all P Ͻ .001). C2 showed a stronger inverse association with AP (r ϭ Ϫ0.60), AIx (r ϭ Ϫ0.55), and SRI (r ϭ Ϫ0.60) (all P Ͻ .001). Tables 2 and 3 show the correlation coefficients between pulse waveform indices and traditional risk factors for men and women, respectively. C2 and AIx correlated with height, weight, and BMI in men but not in women. All indices correlated stronger with systolic, diastolic, and mean BP in women than in men. There was little or no correlation between any pulse waveform index and lipids in men. There was a significant correlation between all pulse waveform indices and total cholesterol in women, whereas there was either no or a weak correlation in men. In women, only systolic indices were significantly correlated to HDL cholesterol and only diastolic indices were significantly correlated to LDL cholesterol.
All indices were significantly correlated with the Framingham Risk Score, which was stronger in women then in men, but when adjusted for age, only diastolic indices remained significant in women.
Discussion
This study is the first to compare two methodologically different techniques for pulse contour analysis, diastolic decay and systolic reflection, in which both have been calculated from the radial artery pressure waveform. Our
FIG. 1. Systolic reflective index (SRI)
is derived from the ratio of the second over the first peak of the systolic part of the radial artery wave form (P2/P1). C1 or large artery elasticity index and C2 or small artery elasticity index is derived from diastolic pulse contour analysis of the radial artery waveform. The augmentation pressure is the difference between the second and the first peak of the systolic part of the radial artery waveform (P2 Ϫ P1). The augmentation index is the ratio P2 Ϫ DBP/P1 Ϫ DBP. DBP ϭ diastolic blood pressure.
results demonstrate that systolic indices derived from the radial pulse contour analysis (AP, AIx, and SRI) are significantly and inversely related to small artery elasticity index (C2), and to a lesser degree large artery elasticity index (C1). The strong relationship between systolic indices and the small artery elasticity index (C2) raises the possibility that C2 could also be providing information about the reflection of pressure waveforms. The major reflecting sites reside in the smaller arteries and arterioles with contributions from branching points and areas of altered distensibility in the arterial system. 26 With optimal matching of the left ventricle and the peripheral vascula- Values are expressed as mean Ϯ SD. P value is ANOVA between gender. AIx ϭ augmentation index; AP ϭ augmentation pressure; BMI ϭ body mass index; BP ϭ blood pressure; C1 and C2 ϭ large and small artery elasticity index; NS ϭ not significant; SRI ϭ systolic reflective index. ture, reflected waves appear in diastole. The effects of aging and disease on the arteries result in a diminished oscillation during the diastolic interval associated with the earlier return of reflected waves that may augment systolic BP and increase left ventricular afterload. 27 Both diastolic and systolic indices were derived from pulse waveform recordings from the radial artery using an acoustic transducer. Applanation tonometry provides a noninvasive means for recording high-fidelity arterial pressure. 24 This technique is widely used and is simple to perform and well tolerated. The methods used in this study for diastolic pulse waveform analysis have been reported to be independent markers for cardiovascular disease. 28 The methods used in this study for systolic pulse waveform analysis are similar to those that were reported to be independent markers for coronary artery disease. 22 The main methodologic difference in this study was that a generalized transfer function was not applied to the noninvasively acquired radial artery pressure waveform and thus augmentation pressure and index were measured directly from the radial artery waveform and not from a centrally derived pressure waveform. The method of mathematical transformation of peripheral to central waveform has been validated by simultaneous invasive measurements and has been shown to be sufficiently reliable by some investigators, whereas other researchers have reported some differences between estimated and invasively measured central hemodynamic parameters. 13, 19, 21, 23 Validation of the generalized transfer function using noninvasive radial artery data compared to invasively measured central waveforms has been controversial. Although the central and peripheral waveforms differ substantially, and hence the numerical values of their derived parameter also differ, it seems that peripheral, directly measured values could be used for studying the phenomenon of wave reflection. 24 Other investigators have reported that radial AIx may provide an equally good measure of central pressure wave reflection. 23 Along with previously defined systolic indices AP and AIx, we have defined a new ratio, systolic reflective index, which may provide additional information about the cardiovascular system independent of the other systolic indices. Although SRI is strongly correlated with augmentation pressure (r ϭ 0.98, overall), it was significantly correlated with diastolic and mean BP in men, whereas AP and AIx were not. Other researchers have reported that diastolic BP was independently associated with wave reflection as measured from the carotid artery in young, healthy men. 29 This is the first study to evaluate diastolic and systolic parameters of pulse waveform analysis and their relation with traditional risk factors in a low-risk, asymptomatic population. Baseline comparisons show that women had lower diastolic indices and higher systolic indices, although they had lower pressures, lower total and LDL cholesterol, and higher HDL cholesterol. These results are similar to other studies that have reported that smaller stature and a faster heart rate cause reflected waves to appear in systole rather than diastole. 30, 31 It has also been reported that even when matching for age, pressure, height, and heart rate, arterial wave reflection occurred sooner and central arterial stiffness was lower in women. 32 We report gender-specific differences in the correlation between the pulse waveform indices and traditional risk factors (Tables 2 and 3 ). C2 and AIx were significantly correlated with height, weight, and BMI in men but not in women. Women demonstrated a much stronger correlation between BP and both diastolic and systolic indices. There were either no or a weak correlation between pulse waveform indices and lipids in men. In women, total cholesterol was significantly correlated to all indices; LDL cholesterol was correlated with only diastolic indices, and HDL cholesterol was correlated with only systolic indices. The Framingham Risk Score for our population was calculated to have a 10-year risk of 8% and 4% for men and women. The average 10-year risk in 50-year-old individuals is 14% and 8% for men and women, respectively. Therefore, our population was at low risk when using the Framingham Risk Score. We found that all pulse waveform indices were significantly correlated with the Framingham Risk Score in men and in women. However, because of the strong age association, we calculated the Framingham Risk Score without using age. In women, only diastolic indices remained significant with this "age-adjusted" Framingham Risk Score. In men, only AP still remained significant but the correlation was weak and in the wrong direction than would be expected.
In conclusion, diastolic and systolic indices of pulse waveform analysis are significantly correlated, with C2 showing a stronger correlation, in a low-risk, asymptomatic population. There are significant gender differences in diastolic and systolic indices and they correlate differently with traditional risk factors in men and women. Further studies are warranted to investigate whether the SRI could provide additional information in the prediction of cardiovascular risk. 33 Careful consideration should be made when interpreting data from trials involving pulse waveform indices in men and women.
